Increased subchondral trabecular bone turnover due to imbalanced bone-resorbing and bone-forming activities is a hallmark of osteoarthritis (OA). Wnt5a/Ror2 signaling, which can derive from bone marrow stromal cells (BMSCs), takes a role in modulating osteoblast and osteoclast formation. We showed previously that experimentally unilateral anterior crossbites (UACs) elicited OA-like lesions in mice temporomandibular joints (TMJs), displaying as subchondral trabecular bone loss. Herein, we tested the role of BMSCderived Wnt5a/Ror2 signaling in regulating osteoclast precursor migration and differentiation in this process. The data confirmed the decreased bone mass, increased tartrate-resistant acid phosphatase (TRAP)-positive cell number, and enhanced osteoclast activity in TMJ subchondral trabecular bone of UAC-treated rats. Interestingly, the osteoblast activity in the tissue of TMJ subchondral trabecular bone of these UAC-treated rats was also enhanced, displaying as upregulated expressions of osteoblast markers and increased proliferation, migration, and differentiation capabilities of the locally isolated BMSCs. These BMSCs showed an increased CXCL12 protein expression level and upregulated messenger RNA expressions of Rankl, Wnt5a, and Ror2. Ex vivo data showed that their capacities of inducing migration and differentiation of osteoclast precursors were enhanced, and these enhanced capabilities were restrained after blocking their Ror2 signaling using small interfering RNA (siRNA) assays. Reducing Ror2 expression in the BMSC cell line by siRNA or blocking the downstream signalings with specific inhibitors also demonstrated a suppression of the capacity of the BMSC cell line to promote Wnt5a-dependent migration (including SP600125 and cyclosporine A) and differentiation (cyclosporine A only) of osteoclast precursors. These findings support the idea that Wnt5a/Ror2 signaling in TMJ subchondral BMSCs enhanced by UAC promoted BMSCs to increase Cxcl12 and Rankl expression, in which JNK and/or Ca 2+ /NFAT pathways were involved and therefore were engaged in enhancing the migration and differentiation of osteoclast precursors, leading to increased osteoclast activity and an overall TMJ subchondral trabecular bone loss in the UAC-treated rats.
Introduction
Aberrant subchondral trabecular bone remodeling, due to imbalanced bone-resorbing and bone-forming activities, is a hallmark in the development of osteoarthritis (OA) (Ivanovska and Dimitrova 2011; Mahjoub et al. 2012) , which is most often caused by mechanical stimulation (Zarb and Carlsson 1999) . Loss of subchondral trabecular bone occurs in the early stage of OA (Bolbos et al. 2008) . Recently, we developed an animal model of temporomandibular joint (TMJ) OA using unilateral anterior crossbite (UAC) prostheses. UAC-treated TMJs displayed severe cartilage degeneration (Zhang et al. 2013; Wang et al. 2014 ) and subchondral trabecular bone loss with increased osteoclast activity ) at the early stage of OA development.
Osteoblastic and osteoclastic lineage cells interact closely to maintain skeletal homeostasis during mechanical stimulated remodeling. Osteoblasts exert bone-forming functions (Pittenger et al. 1999) , while osteoclasts produce bone-resorbing activities. Early stage cells of the osteoblastic lineage can promote osteoclast precursor differentiation in their proximity by producing cytokines, such as the receptor activator of nuclear factor-κB ligand (RANKL), osteoprotegerin (OPG) and the macrophage colony-stimulating factor (M-CSF) (Oshita et al. 2011; Tsubaki et al. 2012 ). Co-cultured bone marrow stromal cells (BMSCs) promoted differentiation of hematopoietic progenitors into fully functional osteoclasts without additional exogenous cytokines (Mbalaviele et al. 1999) .
Wnt5a, a noncanonical Wnt-secreted ligand, forms a ternary complex with Frizzled (Fzd) and the receptor tyrosine kinase-like orphan receptor 2 (Ror2) to activate downstream signaling responses , such as the Ca 2+ / NFAT pathway in tumor and kidney cells, as well as osteoblasts, and the planar cell polarity (PCP)/convergent extension (CE) pathway, which involves JNK and so on (Oishi et al. 2003; Kikuchi et al. 2012) . Although overexpression of Ror2 promotes differentiation of human mesenchymal stromal cells into osteoblasts by inducing an osteogenic transcription factor osterix (Liu et al. 2007) , mice deficient in either Wnt5a or Ror2 showed impaired osteoclast formation (Maeda et al. 2012) . These data suggest that Wnt5a/Ror2 signaling critically regulates the differentiation and function of not only osteoblasts but also osteoclasts.
In the present study, we tested Wnt5a/Ror2 signaling in BMSCs isolated from subchondral trabecular bone marrow of UAC-treated rats and investigated the role of BMSC-derived Wnt5a/Ror2 signaling in UAC-induced TMJ subchondral trabecular bone loss at the early stage by promoting migration and differentiation of osteoclast precursors.
Materials and Methods

Animals and Dental Operation
Six-week-old female Sprague-Dawley (SD) rats (weighing 140 to 160 g) were obtained from the Animal Center of the Fourth Military Medical University and randomly divided into sham-operated control (Con) and UAC groups (n = 20 rats/ group). Animal experiments were performed in accordance with the institutional guidelines set by the University Ethics Committee. UACs were applied by dental prostheses as previously described (Zhang et al. 2013; Wang et al. 2014) and are briefly introduced in the Appendix.
Culture of BMSCs and Osteoclast Precursors
To culture BMSCs, rat TMJ subchondral bones between the osteochondral junction and the condyle's sigmoid notch were dissected, minced, and flushed with Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Hyclone, Logan, UT, USA). Adherent bone marrow cells were cultured until 80% confluence and replated by tryptic digestion. Cells from passages 3 to 6 were used in this study. An adult C57BL/6 mice origin BMSC cell line (CL-BMSCs; Texas A&M Health Science Center, Round Rock, TX, USA) (Benoit and Boutin 2012) was maintained in DMEM/F12 medium.
For osteoclast precursor culture, bone marrow cells were flushed from the femora and tibiae of rats and cultured with α-MEM medium (Hyclone) overnight. Nonadherent cells were harvested and cultured with 20 ng/mL recombinant murine macrophage colony-stimulating factor (M-CSF; PeproTech, Offenbach, Germany) for 3 d, which were used as bone marrow macrophages (BMMs). RAW264.7 cell line was used as osteoclast precursors (Han et al. 2005; Aharon and Bar-Shavit 2006) and grown in DMEM medium (Hyclone).
Co-culture of BMSCs and RAW264.7 Cells
The 2 × 10 4 BMSCs or CL-BMSCs and 6 × 10 4 RAW264.7 cells were co-cultured in 24-well plates with or without Wnt5a (100 ng/mL), JNK inhibitor SP600125 (10 µM), or Ca 2+ /NFAT inhibitor cyclosporine A (1 µM) in the presence of 10 nM 1,25-dihydroxyvitamin D 3 [1,25(OH) 2 D 3 ] (Cayman Chemical, Ann Arbor, MI, USA) for 10 d. The media were changed on days 4 and 7. Multinucleated (≥3 nuclei) osteoclasts were counted after tartrate-resistant acid phosphatase (TRAP) staining and 4′,6-diamidino-2-phenylindole (DAPI) counterstaining, presented as the percentage of the RAW264.7 cells seeded. Images were merged from the light microscope images of TRAP staining and fluorescent images of DAPI counterstaining within the same field of the microscope.
Appendix Materials and Methods
The methods of micro-computed tomography (CT) and hematoxylin and eosin (H&E) analysis, TRAP and immunohistochemistry staining, phenotypic analysis and cell sorting of BMSCs, real-time polymerase chain reaction (PCR), Western blot, methyl-thiazolyl-tetrazolium (MTT), cell cycle analysis, colony-forming unit-fibroblast (CFU-F), small interfering RNA (siRNA), cell differentiation and migration, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining are shown in the Appendix.
Statistical Analysis
Data are presented as means ± standard deviation (SD). As our data showed equal variances, unpaired Student's t test and oneway analysis of variance (ANOVA) followed by Dunnett's test were used to compare data between one or multiple experimental groups and the control by SPSS 13.0 software (SPSS, Inc., an IBM Company, Chicago, IL, USA), respectively. P values <0.05 were considered statistically significant. Power was calculated by SAS 9.3 software (SAS Institute, Cary, NC, USA). All experiments were repeated at least 3 times.
Results
UACs Caused Subchondral Trabecular Bone Loss in Mandibular Condyles and Enhanced Osteoclast and Osteoblast Activities
Micro-CT analysis showed that bone volume to tissue volume (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th) were significantly decreased, while trabecular separation (Tb.Sp) doubled in mandibular condyles of UAC-treated versus control rats ( Fig. 1A, B ), indicating severe subchondral trabecular bone loss.
Consistent with the micro-CT results, histomorphometric analysis also showed decreased BV/TV, Tb.Th, and Tb.N but increased Tb.Sp in UAC-treated versus control TMJ subchondral trabecular bone (Fig. 1C, D) .
Real-time PCR analyses showed decreased Opg messenger RNA (mRNA) level and increased Rankl expression and Rankl/Opg ratio (R/O) in the tissue of TMJ subchondral bones of UAC-treated versus control rats, accompanied by increased expressions of osteoclast markers Rank, cathepsin K, and Trap ( Fig. 2A ). The number of TRAP-positive osteoclasts was larger in UAC-treated versus control TMJs (Fig. 2B ), supporting that UACs caused bone loss by increasing bone resorption.
Interestingly, the number of Ocnpositive osteoblasts was decreased in UAC-treated versus control mandibular condyles (Fig. 2C , D), along with increased mRNA expressions of Runx2, osteocalcin, osterix, and alkaline phosphatase ( Fig. 2A ), suggesting that UACs induced osteogenic activities on a per-cell basis. To determine whether the reduced osteoblast number by UACs was attributed partially to a smaller local BMSC number, we counted BMSCs (CD90 + CD34 -CD45cells) (Dominici et al. 2006; Bian et al. 2009 ; Zhang and Chan 2010) from TMJ subchondral trabecular bone marrow cells. The percentage of BMSCs in the UAC-treated group was slightly but significantly lower than the controls ( Fig. 2E ).
The above observations suggested that even though UACs reduced numbers of BMSCs and Ocn-positive osteoblasts and stimulated TMJ subchondral trabecular bone loss, it enhanced local mRNA levels of osteogenic markers and Rankl expression, which was capable of promoting osteoclast differentiation, showing an increased number of TRAP-positive osteoclasts.
UACs Enhanced Differentiation of BMSCs into Osteoblastic Lineage
The current locally isolated cells from TMJ subchondral trabecular bone were defined as BMSCs (Dominici et al. 2006) because they were positive for CD54 and CD90 but negative for CD34 and CD45 (Pittenger et al. 1999; Agata 2013; Lin et al. 2013 ) (Appendix Fig. 1A ), showed plastic-adherent fibroblast-like morphology, and were able to differentiate into osteoblasts or adipocytes (Appendix Fig. 1B ). As assessed by MTT assays, UAC-treated BMSCs grew faster than the controls (Fig. 3A ). In agreement with this, the proliferation index of BMSCs determined by cell cycle analysis ( Fig. 3B ) and the number of BMSC-derived colony-forming unit-fibroblasts (CFU-Fs) ( Fig. 3C ) were increased in UACtreated versus control group.
The results of osteogenic differentiation assays showed increases in mineralizing potential of UAC-treated versus control BMSCs (Fig. 3D ), and mRNA expression of an osteogenic transcription factor, Runx2, was increased in the former cells ( Fig. 3E ). In addition, adipogenic differentiation potential was decreased in UAC-treated BMSCs, as indicated by their reduced abilities to produce Oil red O-positive lipid vacuoles (Appendix Fig. 2) .
The migration capability of UAC-treated BMSCs was also found enhanced, as demonstrated by transwell assays. BMSCs and TMJ subchondral bone fragments from the UACtreated or control group were plated in the upper and lower compartments of transwell chambers, respectively, to produce 4 configurations. More robust migration was noticed in UAC-treated than in control BMSCs regardless of the sources of bone (Fig. 3F ). The mRNA expression of Cxcr4, the receptor of CXCL12, was increased in UAC-treated versus control BMSCs (Fig. 3J) .
These data suggested an enhanced osteogenic potential and an increased migration capability of UAC-treated BMSCs.
UACs Promoted BMSC-induced Migration and Differentiation of Osteoclast Precursors
BMSCs from UAC-treated rats showed a profound increase in the expression of CXCL12 protein compared to the controls (Fig. 3G ). We then tested whether the increased CXCL12 expression in UACtreated BMSCs functions as a chemoattractant to promote migration of BMMs and found a significant increase in the number of migrated BMMs when co-cultured with UAC-treated versus control BMSCs in transwell chambers. This enhancement of BMM migration was inhibited by CXCR4 antagonist AMD3100 (Fig. 3H) , supporting a critical role of CXCL12 from UAC-treated BMSCs in recruiting BMMs.
UACs greatly increased Rankl expression and Rankl/Opg ratio in BMSCs but displayed (Fig. 3J) . In agreement with this, BMSCs from UACtreated rats displayed a stronger capability in inducing osteoclast formation than control rats when cocultured with RAW264.7 cells (Fig. 3I ).
Wnt5a Enhanced BMSCs to Induce Migration and Differentiation of Osteoclast Precursors
Wnt5a and Ror2 mRNA expression ( Fig. 3J ) and Wnt5a protein level (Fig. 3K) were increased in UACtreated versus control BMSCs. It has been shown that Wnt5a/Ror2 signaling enhances RANKL-dependent osteoclast formation in mouse BMM cultures (Maeda et al. 2012) . We then adopted CL-BMSCs and RAW264.7 cells for in vitro signaling tests. We first confirmed, by reverse transcriptase (RT)-PCR analyses, the expression of Ror2 in subchondral BMSCs and CL-BMSCs but not in BMMs and RAW264.7 cells (Appendix Fig. 3A) . The 2 mouse Ror2 siRNAs (siRNA795 and siRNA2477) and 3 rat Ror2 siRNAs (siRNA1311, siRNA1324, and siRNA2124) inhibited Ror2 expression in CL-BMSCs and UAC-treated BMSCs, respectively (Appendix Fig. 3B, C) . Additions of recombinant Wnt5a (400 ng/mL) in transwell co-cultures of CL-BMSCs and RAW264.7 cells increased migration of the latter cells, and knockdown of Ror2 in CL-BMSCs reduced migration level of RAW264.7 cells (Fig. 4A ) with decreased Cxcl12 expression in CL-BMSCs (Fig. 4I ). In agreement with this, Ror2 siRNA in UAC-treated BMSCs decreased BMM migration toward UACtreated BMSCs (Fig. 4B) . Incubating the co-cultures with SP600125 and cyclosporine A, inhibitors of signaling molecules downstream of Ror2, JNK, and Ca 2+ /NFAT pathways, respectively, blocked the effects of recombinant Wnt5a on RAW264.7 cell migration (Fig. 4A) . The results showed an even lower migration level by cyclosporine A than by SP600125. However, after incubation with SP600125 for 24 h, Cxcl12 mRNA expression showed no change in CL-BMSCs (Fig. 4C) . These results suggested that JNK, especially the Ca 2+ /NFAT pathway, is involved in Wnt5a/Ror2 signaling-enhanced migration of osteoclast precursors toward BMSCs.
The recombinant Wnt5a (from 100 ng/mL) enhanced osteoclast precursor differentiation when RAW264.7 cells were cocultured with CL-BMSCs but not when cultured RAW264.7 cells alone (Fig. 4D ). Knockdown of Ror2 decreased Rankl expression and the Rankl/Opg ratio and increased Opg expression in CL-BMSCs (Fig. 4I ). In agreement with this, Ror2 siRNA in CL-BMSCs led to a decreased trend, although without significance, on differentiation of the co-cultured RAW264.7 cells (Fig. 4E, F) . Similarly, knockdown of Ror2 in UAC-treated BMSCs decreased differentiation of the co-cultured RAW264.7 cells (Fig. 4G) . The promoting effect of the recombinant Wnt5a on RAW264.7 cell differentiation when co-cultured with CL-BMSCs was blocked by cyclosporine A but greatly enhanced by SP600125 (Fig. 4E, F) . SP600125 greatly upregulated Rankl mRNA level and the Rankl/Opg ratio in CL-BMSCs after a 24-h incubation (Fig. 4C ) and increased the number of TUNEL-positive RAW264.7 cells after a 7-d incubation (Fig. 4H ), suggesting that in this model, blockade of JNK activation promoted osteoclast formation by upregulating the Rankl/Opg ratio in BMSCs but not through inhibiting RANKL-induced JNK-mediated apoptosis of differentiating osteoclasts as reported by others (Bharti et al. 2004; Otero et al. 2008) . Taken together, Wnt5a/Ror2 signaling may enhance BMSCs' capacity to promote osteoclast precursor migration and differentiation by activating JNK and/or Ca 2+ / NFAT signaling.
Wnt5a Enhanced Mineralization of BMSCs
Incubations of CL-BMSCs with recombinant Wnt5a (200 to 400 ng/mL) significantly increased the mineral deposition (Fig. 4J) , while silencing Ror2 expression by siRNA markedly inhibited their mineralization (Fig. 4K) , along with a reduced expression of Runx2, a transcription factor critical for osteoblast differentiation (Fig. 4I ). Furthermore, culturing CL-BMSCs with SP600125 blocked Wnt5a-induced mineralization to a greater degree than that with cyclosporine A (Fig.  4K) , and SP600125 significantly downregulated Runx2 expression in CL-BMSCs (Fig. 4C) , supporting the involvement of Ca 2+ /NFAT and especially JNK signaling in Wnt5a-induced differentiation of BMSCs into osteoblasts.
Discussion
Previously, we showed that UACs elicited OA-like lesions in TMJs, displaying as increased MMP-3 but decreased MMP-9, MMP-13, and TIMP-1 mRNA expressions in rat cartilage at 4 and 8 wk ) and subchondral trabecular bone loss Yang et al. 2014) . At 2 wk, the osteoclast and osteoblast numbers were decreased in UAC-treated TMJ subchondral trabecular bone (Yang et al. 2014) without Wnt5a and Ror2 mRNA changes (data not shown). However, at 4 and 8 wk (Figs. 1, 2 and Appendix Fig. 4, respectively) , the osteoclast number was increased, but osteoblast number was decreased. It seems that the 8-wk results are a continuation of the 4-wk results. Thus, we chose 4 wk as the time point in this study to explore the role of BMSC-derived Wnt5a/Ror2 signaling in mediating TMJ subchondral trabecular bone remodeling.
µm. No multinucleated osteoclasts were found in cultures of RAW264.7 cells without CL-BMSCs but with 100 ng/mL Wnt5a. Power = 0.90, 0.86, and 0.56 (100, 200, and 400 vs. 0, respectively). (E) Images and (F) quantifications of TRAP-positive osteoclasts (black arrows) in the co-cultures of CL-BMSCs pretreated with control or Ror2 siRNA (siRNA795 or siRNA 2477; 20 pmol/5 × 10 4 cells) and RAW264.7 cells were assessed 10 d after they were treated in the absence or presence of Wnt5a (100 ng/mL) and SP600125 (10 µM) or cyclosporine A (1 µM). Bars = 40 µm. Power = 0.84 (Wnt5a vs. control), 0.84, and 0.83 (SP600125 and cyclosporine A vs. Wnt5a). (G) Images and quantifications of TRAP-positive osteoclasts (black arrows) in the co-cultures of UAC-treated BMSCs pretreated with control or Ror2 siRNA (siRNA1131, siRNA1324, or siRNA 2124; 20 pmol/5 × 10 4 cells) and RAW264.7 cells. Bars = 40 µm. Power = 0.98. (H) Image and calculation of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells per 200× field. RAW264.7 cells were incubated with 10 µM SP600125 for 7 d. TUNEL assay was performed to determine the apoptosis of osteoclast precursors. Bars = 50 µm. Power = 0.96. (I) Quantitative PCR was performed on RNAs extracted from CL-BMSCs pretreated with control or Ror2 siRNA (siRNA795 or siRNA 2477; 20 pmol/5 × 10 4 cells) to assess changes in the expressions of Cxcl12, Rankl, Opg, and Runx2 messenger RNA and the Rankl/Opg ratio (R/O) in the cells. Power = 0.23, 0.6 (Cxcl12 siRNA795 and siRNA 2477); 0.28 (Rankl siRNA795); 0.6, 0.42 (Opg siRNA795 and siRNA 2477); 0.7, 0.7 (Rankl/Opg siRNA795 and siRNA 2477); and 0.42 (Runx2 siRNA 2477). (J) Matrix mineralization of CL-BMSCs was analyzed by Alizarin red staining after the cells were cultured in osteogenic induction medium (OIM) with various concentrations (0 to 400 ng/mL) of Wnt5a for 2 wk. Power = 0.58, 0.68 (200 and 400 vs. 0, respectively). (K) Matrix mineralization of CL-BMSCs, which were pretreated with control or Ror2 siRNA (siRNA795 or siRNA 2477; 20 pmol/5 × 10 4 cells) and cultured in OIM containing Wnt5a (200 ng/mL) in the absence or presence of SP600125 (10 µM) or cyclosporine A (1 µM) for 2 wk, was determined by Alizarin red. Power = 0.60, 0.75, 0.80 (Wnt5a, siRNA795, and siRNA2477 vs. control, respectively); 0.83, 0.81 (SP600125 and cyclosporine A vs. Wnt5a). Data are presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; # P < 0.05, ### P < 0.001 vs. Wnt5a group. The current data indicated that the locally isolated BMSCs from the UAC-treated subchondral bone marrow displayed a higher capability of recruiting osteoclast precursors with upregulated CXCL12 protein level and promoting osteoclast precursor differentiation with increased expression of Rankl, which were mediated, at least partially, by Wnt5a/Ror2 signaling as discussed below. This contributed to an explanation for the current resorptive subchondral trabecular bone phenotype when the osteogenic activities of BMSCs in the UAC-treated subchondral trabecular bone were increased, which seems insufficient to override the concurrent robust osteoclastic activity.
It was reported that CXCL12 is a dominant chemokine in bone marrow and is involved in skeletal repair of rheumatoid arthritis and bone fractures by recruiting BMSCs to the site of injury (Kitaori et al. 2009 ). CXCR4 is highly expressed not only by BMSCs but also by osteoclast precursors (Yu et al. 2003; Sordi et al. 2005) . Hence, CXCL12 produced by BMSCs may attract BMSCs as well as circulating osteoclast precursors (Wright et al. 2005) . We currently provided the evidence that Wnt5a/Ror2 signaling took a role in recruiting osteoclast precursors by increasing CXCL12 expression in local BMSCs, which explained the increased osteoclast number, where there was an upregulated osteogenic activity. Of course, numerous chemokines may be potentially involved in the migration of BMSCs or osteoclast precursors. Whether there are more chemokines participating in Wnt5a/Ror2-induced migration of BMSCs and osteoclast precursors needs further investigation.
In the present study, Ror2 expression was detected in BMSCs, such as BMSCs derived from rat TMJ subchondral bone and the BMSC cell line, but was undetectable in both rat BMMs and RAW264.7 cells. These findings suggested that BMSCs but not osteoclast precursors were the major cells responding to Wnt5a. This observation in RAW264.7 cells was compatible with the findings by Santiago and colleagues (2012) . However, Maeda et al. (2012) reported weak Ror2 expression in BMMs from C57BL/6 mice. Nevertheless, the results that we observed with rat BMMs and RAW264.7 cells are all supportive of our assessment of the Wnt5a/Ror2 signaling responses in BMSCs.
A recent study showed that Wnt5a/Ror2 signaling is an important pathway between osteoblast-lineage cells and osteoclast precursors (Maeda et al. 2012) . In agreement with that, the current data demonstrated that UACs increase osteoclast activities by activating Wnt5a/Ror2 signaling in local BMSCs. This notion was supported by the results that 1) UACs increased osteoclast precursor migration and differentiation in cocultures of local BMSCs and osteoclast precursors, with upregulated Wnt5a and Ror2 expressions in these BMSCs; 2) Wnt5a promoted osteoclast precursor migration and differentiation in co-cultures of CL-BMSCs and RAW264.7 cells, while Ror2 knockdown in CL-BMSCs or UAC-treated BMSCs suppressed these capabilities and decreased expression levels of Cxcl12 and Rankl in CL-BMSCs; and 3) inhibitors of Ror2-induced signalings, such as cyclosporine A and SP600125, blunted the effects of Wnt5a on migration and/or differentiation of RAW264.7 cells when co-cultured with CL-BMSCs.
Notably, JNK inhibitor promoted osteoclast formation by upregulating Rankl expression in CL-BMSCs, which contradicted the results from current models that Wnt5a promoted the co-cultured osteoclast precursor differentiation by upregulating Rankl expression in BMSCs. We noticed that Wnt5a/Ror2 activated not only JNK but also the Ca 2+ /NFAT pathway (Oishi et al. 2003; Kikuchi et al. 2012) . Moreover, we observed that Ca 2+ /NFAT inhibitor inhibited osteoclast precursor differentiation and that silencing Ror2 downregulated Rankl expression in CL-BMSCs. Considering RANKL activates the Ca 2+ /NFAT pathway in osteoclast precursors to enhance their differentiation (Takayanagi et al. 2002; Chen and Pan 2013) , we inferred that it is the Wnt5a upregulated Rankl expression in BMSCs that activated the Ca 2+ /NFAT pathway in osteoclast precursors to promote osteoclast formation. The mechanisms of Wnt5aupregulated Rankl expression in BMSCs seem not to be mediated by the JNK pathway and remain to be explored. However, cyclosporine A treatment may also negatively influence osteoclast precursor differentiation, regardless of CL-BMSC action.
Apart from mediating osteoclast formation, our current data also showed that 1) local BMSCs displayed an increased migration and osteogenesis capability despite a reduced number of them in UAC-treated rats, 2) knockdown of Ror2 in CL-BMSCs inhibited the expression of Runx2 and blunted the mineralizing function in CL-BMSCs, and 3) inhibitors of Wnt5a/Ror2-mediated signalings suppressed the osteoblast differentiation of CL-BMSCs. In the current study, JNK signaling stimulated Runx2 activity, which had been reported to promote osteogenic differentiation of BMSCs (Cárcamo-Orive et al. 2010; Huang et al. 2012) . Activation of the Wnt5a/Ror2 pathway by interleukin (IL)-1β had been reported to promote mesenchymal stem cell differentiation into osteoblasts (Sonomoto et al. 2012) . It seems Wnt5a/Ror2 signaling in BMSCs promotes their osteogenesis, which provides an explanation for an overall increase in the expressions of osteoblast markers in UAC-treated subchondral bone and UAC-treated BMSCs.
The following working model is proposed (Fig. 5) . In response to mechanical dental stimulation of UACs, local BMSCs in TMJ subchondral trabecular bone increase their Wnt5a/Ror2 signaling through unknown mechanisms that remain to be defined (). The activation of Wnt5a/Ror2 in BMSCs may increase their expression of CXCL12 mainly through the Ca 2+ /NFAT pathway (), and CXCL12 may exert autocrine/paracrine effects to promote BMSC migration toward the bone surface. The increased CXCL12 may also attract osteoclast precursors to bone-remodeling units (). Activation of Wnt5a/Ror2 signaling in BMSCs also increases their expression of Rankl (), which may activate RANK and its downstream Ca 2+ /NFAT signaling cascade in osteoclast precursors to promote their differentiation (). Meanwhile, JNK signaling downregulates Rankl expression () and inhibits osteoclast formation (). However, this effect seems weaker than that of the RANKL-activated Ca 2+ /NFAT pathway, leading to an enhanced osteoclast differentiation. Furthermore, stimulation of Wnt5a/Ror2 signaling promotes Runx2 expression and osteoblast differentiation, which may be associated with the activation of the JNK pathway in BMSCs (). Overall, the main effect of osteoclastic activity to resorb bone leads to bone loss in TMJ subchondral trabecular bone at the early stage of UACtreated rats.
